Abstract. This paper describes a technique which uses pulsed dye laser excitation and piezoelectric ceramic detection to obtain photoacoustic spectra of solids at temperatures down to 4.2 K. It shows how the PASsignal is dependent upon the Griineisen parameterand demonstratesgoodexperimental agreementwith theory.
I. Introduction
Since the early days of the revival of photoacoustic spectroscopy (PAS), (see Rosencwaig 1980 ) the technique has expanded rapidly. Recently a method using a piezoelectric tran;,Jucer instead of a gas microphone as the detector has been introduced. It has been used for measuring small absorptions in liquids (Tam et a11979) and for obtaining spectra of powdered samples (Tam and Patel 1979) . Brueck et al (1980) have used the same technique to measure small absorptions in liquids at cryogenic temperatures. Hordvik and Schlossberg (1977) determined optical absorption coefficients in solids using a continuous wave laser and a piezoelectric transducer.
Although a piezoelectric transducer is about two orders of magnitude less sensitive than a microphone for a given pressure, it has some advantages. There is only a small acoustic impedance mismatch between a piezoelectric transducer and most solids and liquids and the transducer can operate at much higher frequencies than microphones. This high frequency response is well suited to excitation with pulsed lasers and time resolved signal averaging techniques. Also, discrimination against low frequency noise is straightforward because the PAS signal occurs with high frequency modes characteristic of the transducer response, the sample and the sample mounting. This paper describes a technique for obtaining photo acoustic spectra of solids at low temperatures which uses a pulsed dye laser as a source and a piezoelectric ceramic as detector.
The PASsample holder
The main features of the design of the PAS sample holder illustrated in figure I are:-(a), it allows good impedance matching between the sample and the piezoelectric ceramic. (b), signals from sources other than the sample are small; (c), samples can be easily interchanged. The PASsample holder fits onto the sample rod of a CF204 Oxford Instruments cryostat which allows the temperature of the sample holder to be controlled between 4.2 K and 300 K. The PASsample holder is made of copper. A thin wall, 0.5 mm thick, separates the piezoelectric ceramic and the sample. Both sides of the wall are machined to a smooth finish and it is silvered on the sample side. The silvered surface of the copper wall reflects most of the light transmitted by the sample thus reducing unwanted signals from absorption on the copper wall. Figure I . PASsample holder. A cap to exclude radio frequency interference can be fitted over the PZTside if required the sample from the silvered surface, is forced into a thin film by the pressure of the spring. This arrangement acoustically impedance matches the sample to the wall and thus to the ceramic by excluding any gas from the sample/wall gap. The impedance match of a solid sample to the grease will be poor unless the grease forms a layer less than about a tenth of the wavelength of the sound wave. The grease becomes stiff at low temperatures improving the coupling. The grease also allows easier exchange of samples than using a rigid glue to adhere the sample to the wall and the use of a rigid glue such as an epoxy resin would tend to stress the sample on cooling due to the different coefficients of thermal expansion of the sample and the mount. Inside the CF204 cryostat, the PAS sample holder is surrounded by helium exchange gas whose temperature is controlled by a heat exchanger cooled by liquid helium. Another feature of the PASsample holder is that the laser beam can propagate through the sample in a direction either parallel to the face of the ceramic plate or perpendicular to it. The optimum orientation, usually dependent on the shape of the sample, can be selected by turning the sample holder through 90 degrees. In the experiment described below the laser beam direction was perpendicular to the PZT face, as illustrated in figure I, because the sample was a thin plate (0.5 x 2.0 x 4.0 mm).
Experimental
The experimental arrangement is illustrated in figure 2. The dye laser is a Molectron DL200 and can deliver up to 450 pJ in 5 ns. The laser beam is split to provide a reference channel and then Figure 3 . Typical PASsignal taken with a dye laser pulse energy of approximately 150J1Utuned to an absorption in caesium hexachlorouranate at 448.6 nm. The graph represents an average of 512 shots, time zero is 0.1 ms after the laser has fired. directed onto the sample where it is focused to a spot size of approximately I mm. When the laser energy is absorbed by the sample the local heating causes the region of absorption to expand and a pressure wave is induced. After travelling through the copper wall this pressure wave is detected by the piezoelectric ceramic. The signal from the ceramic is fed to a Brookdeal model 9452 preamplifier and filter with a I MHz overall bandwidth. With the low pass filter -3db point set to 100 kHz the low frequency noise from sources such as the liquid helium boiling is rejected. The signal is digitised by a Biomation 8100 waveform recorder which obtains a trigger from the nitrogen laser trigger generator. The Biomation 8100 is interfaced to a 380Z microcomputer which averages the data (Ironside and Denning 1981) and computes a normalised PAS signal with respect to the reference signal. An example of the acoustic signal is shown in figure 3 . A spectrum is obtained by averaging the amplitude of a selected peak in the photoacoustic signal over a predetermined number of laser shots followed by a step change in the laser wavelength. The selection of the peak is determined by scanning the laser wavelength on and otT a known absorption of the sample; the largest peak associated with sample absorption is selected. Other peaks which are not associated with the sample may be present, they can be due to the absorption of scattered light. This procedure for peak selection is also described by . After the peak has been selected the signal processing is similar to boxcar averaging at a fixed delay. Using this technique a spectrum of a 0.5 mm thick sample of caesium hexachlorouranate (Cs2UCI6) was taken at 4.2 K. The results are shown in figure 4(b) . Caesium hexachlorouranate was chosen to demonstrate this technique because it has sharp f-f transitions in the visible (Satten et al 1960) . The spectrum in figure 4(b) was taken using an average dye laser pulse energy of about 150 pJ; the laser wavelength was stepped by 0.05 nm for each point, 128 laser shots being averaged at each wavelength increment. From a measurement of signal to noise and a comparison with the transmission spectrum in figure 4 , it can be deduced that the minimum detectable energy absorbed from the laser pulse is approximately IQ pJ, this corresponds to an absorption coefficient of 13.7 mm -I.
Comparison of theory with experiment
Of the theories available (Nelson and Patel 1981 , Hordvik and Schlossberg 1977 , Jackson and Amir 1980 , and Sigrist and Kneiibuhl 1978 ) the most directly applicable to the experimental situation described here, is that of Sigrist and Kneubiihl (1978) . They describe the case in which the transducer detects the hemispherical pressure wave propagating from a region of absorption excited by a short laser pulse incident normal to the surface of the sample and the plane of the PZTplate. The output voltage of the PZTtransducer for a given pressure p(t) is e33 A (I) where e33is the piezoelectric constant, C33is the PZTmodulus of elasticity, C is the net capacitance of the transducer, cable and preamplifier, A is the area of the sample in contact with the copper wall. They also give an expression for the peak of the pressure wave generated by the absorption of a pulse of laser light
V(t)=--p(t)
P is the volumetricexpansioncoefficient,V. is the velocityof sound, and Cp is the isobaricheat capacity per gram, E. is the energy absorbed from the laser per pulse, ro is Gaussian spot size of the laser beam and r is the sample-transducerdistance. The thermoelasticpropertiesof the sampleenter into equation (2) as the factor (PV;/Cp) (see also Nelson and Patel 1981) . From White(1965) wehave (2) I pB
--=y P Cp
B is the bulk modulus, p is the density, y is the dimensionless Griineisen parameter which is a measure of the volume dependence of the phonon mode frequencies in a solid; it is characteristic of the degree of anharmonicity of the phonon
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modes (Ashcroft and Mermin 1976). For an isotropic solid we have
pV;=B so that equation (2) becomes
7C ror White (1965) gives the Griineisen parameter as a function of temperature for various alkali halides. As an example for Rbl it ranges between -0.18 at 4.2 K and 1.42 at 85 K. Unfortunately the Griineisen parameter has not been measured for CS2UCI6. The piezoelectric response is also a function of temperature. The modulus of elasticity C33 is related to the resonance frequency of the plate. The manufacturer's data for the resonance frequency indicates that C33will change from 11.7 x 1010N m -2 at 300 K to 19.9 N m -2 at 4.2 K. If we assume that e33 varies in the same manner as e31 then e33is 23.5 C m -2 at 300 K and becomes 0.6 C m -2 at 4.2 K. For a plate transducer of area 1 x 10-4 m2 and thickness 4 x 10-4 the capacitance, from the manufacturer's data, is 850 pF at 300 K and 190 pF at 4.2 K. The cable plus preamplifier capacitance is constant at around 40 pF. With these values equation (1) indicates that the PZTpressure response will be 1.05 x 10-7 V (N m-2)-1 at 4.2 K and 1.80 x 10-6 V (N m -2)-1 at 300 K.
Choosing the Griineisen parameter y=-0.18 for CS2UCI6 at 4.2 K, i.e. equal to the value found for Rbl, another heavy metal ionic solid, we can calculate the expected output voltage for an absorbed pulse energy of 150 pJ. With ro and r= 1 mm and using equations (1) and (5) the calculated value is 1.09 x 10-4 V. The observed value is 2.0 x 10-4 V. Although the agreement is good it is probably fortuitious because the Griineisen parameter typically varies by an order of magnitude for different materials and temperatures (White 1965) .
Comparing the PAS spectrum with a conventional transmission spectrum, figure (4), the output voltage is apparently proportional to the absorbed energy. The transmission spectrum was taken using the same sample, dye laser and wavelength step size used for the PAS spectrum. The differences between the two spectra are minor. The baseline is better defined in the PASspectrum because unlike transmission spectroscopy, scattered light is not registered as absorption.
Conclusion
This work demonstrates the convenience of piezoelectric ceramics for low temperature solid state PASwith a pulsed laser as the source and shows good agreement with the theory of Sigrist and Kneubiihl (1978) . Although the spectra obtained could have been taken using conventional transmission spectroscopy, the PAS has applications to other areas such as luminscence quantum efficiency measurements (Powell et al 1980) , low temperature solid state phase transitions (Pichon et al 1979) and absorption spectroscopy of samples of poor optical quality (Rosencwaig 1980) . It is also interesting to note from equation (5) that if the temperature dependence of the PZTwere to be calibrated the PASsignal could give a direct measure of the Griineisen parameter as a function of temperature, which in turn reflects the anharmonicity of the phonons.
The PAS signal is proportional to the pulse energy and a simple way of improving the experimental sensitivity to absorption coefficient is to increase the pulse energy. Commercial pulsed dye lasers are available which can deliver up to 30 mJ per pulse that is 200 times the energy in the pulse used to take the spectrum shown in figure (4) . But although an increase in the pulse energy may improve the signal-to-noise ratio in the spectrum, nonlinear absorption characteristics may be introduced at these higher energies (Munir et al 1981) . The 144 (4) technique could be extended to different regions of the spectrum by using other pulsed tunable sources of coherent radiation (for reviews of those available see Mooradian et al 1976 and Pidgeon and COlles 1979) . (5) 
